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Abstract
These lectures give an overview on some of the important is-
sues in avour physics, including fermion masses and mixings,
CP violation, and avour changing neutral currents. We review
the Kobayashi Maskawa mechanism of CP violation and present a
survey of models with new sources of CP violation, including those
where CP is a spontaneously broken symmetry of the Lagrangian.
The ro^le of CP asymmetries in neutral B meson decays as a probe
of new physics is emphasized.
1. Yukawa Interactions
The Standard Model (SM) [1] provides an elegant description of the electromag-
netic, weak and strong interactions, in the framework of the gauge group U(1)SU(2)
SU(3).
In spite of its enormous success when confronted with experiment, the SM has
some shortcomings and leaves unanswered many fundamental questions. In particular, it
does not provide an explanation for the replication of fermion families or for the pattern
of quark masses and mixings which appear as free parameters. The arbitrariness of quark
masses and mixings in the SM results from the fact that gauge invariance does not













































































are arbitrary complex matrices in avour space.
1.1 Generation of Fermion Masses
Upon spontaneous symmetry breaking of the SU(2)  U(1) gauge symmetry, one




























is the vacuum expectation value of the neutral component of the Higgs doublet.
























































are complex 3  3 arbitrary matrices, they contain (2  18) free
parameters. However, there is a large redundancy in these Yukawa matrices, which results
















































are unitary matrices acting in avour space. The transformations of
Eq. (5) leave all terms of the Lagrangian invariant, except the mass terms. In the SM, the










. The quark mass matrices












































































































































. Using standard notation, V
CKM





























The appearance of a non-trivial Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] in
the charged currents has thus a natural explanation in the SM , since it just reects the




are diagonalized by dierent unitary
matrices. As a result of the GIM mechanism, the neutral currents maintain the form of
Eq. (4) and there are no avour-changing neutral currents (FCNC) at tree level.
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after the quark mass matrices have been diagonalized, one still has the freedom to make





































where we have dropped the subscript CKM. By making rephasing transformations of
Eq. (10), one can eliminate (2n   1) phases from V . Taking into account that in a n-





n(n   1) are
\angles" which characterize the 0(n) rotation, one concludes that the number of physical









n(n  1)  (2n  1) =
1
2
(n  1)(n  2) (12)













Therefore, in the three generation SM there is a physical phase in the mixing matrix which
is responsible for CP violation, as rst pointed out by Kobayashi and Maskawa (KM).
At this point, it is worth noting that in the SM;N
p












This is a very special feature of the SM which in general does not hold in other models.





 U(1). It can be readily seen that due to the presence
of both left-handed (`h) and right-handed (rh) charged currents, the total number of






  (n  1) (15)








+ n(n  1) = 2n
2
  2n+ 1 (16)














































Figure 1: Unitarity triangle
1.2 Rephasing Invariance
Physical quantities have to be invariant under the rephasing transformations of
Eq. (10). Therefore only functions of V which are rephasing invariant can have physical
meaning. The simplest invariants are the moduli jV
ij














It can be readily seen that the invariants of higher order can be written as a product of

























For three generations, unitarity of V implies that the imaginary parts of all quartets
have the same absolute value [4]. Consider, for example the orthogonality relation for the












































Analogous arguments can be applied to other quartets, showing that jImQ
i
j are
all equal. The quantities ImQ
i
have a simple geometrical interpretation. Consider the

















which can be represented in the complex plane by the triangle of Fig.1. The area of the









































have the same area. Most of the unitarity triangles have one of the sides much smaller
than the other two. For example, in the triangle arising from the orthogonality of the













j  3:6 10
 4
, where we have taken the central experimental values [5] of jV
ij
j.













= 1  9 10
 6
(26)
where we have put jV
ub
j = 3 10
 3
. This fact was crucial in enabling Cabibbo to propose
the idea of universality of weak interactions. On the other hand, the fact that the third
generation almost decouples from the other two, implies that in the SM the strength of













where we have taken jV
cb




j ' 3 10
 3
.
We have previously emphasized that the SM has the peculiar feature that the
number of free parameters in V equals the number of independent moduli, as indicated in
Eq. (14). An interesting consequence of this property of the SM is the fact that it is possible
to express jImQj entirely in terms of moduli of V . One may choose four independent
moduli which provide a rephasing invariant parametrization [7] of V . A convenient choice


















Next we will show that jImQj can be obtained from the knowledge of the four




















































































































there is no deep understanding of the origin of CP violation [8]. Experimentally, our
understanding of CP breaking is also rather limited, since CP violation has only been




sector. On the other hand, it has been established [9] that the
amount of CP violation present in the SM through the KM mechanism is not sucient to
generate the observed baryon asymmetry of the universe. This suggests the existence of
other sources of CP violation and provides motivation to consider extensions of the SM
with additional contributions to CP breaking.
In general, CP violation can be introduced in gauge theories in two dierent ways:
(i) At the Lagrangian level:
In this case, the Lagrangian violates CP, even before spontaneous gauge symmetry
breaking.
(ii) Spontaneously:
By denition, CP is spontaneously [10] violated if CP is a good symmetry of the
Lagrangian, but the vacuum is not invariant under CP. We will describe minimal models
belonging to each one of the above classes.
2.1 CP Violation at the Lagrangian Level
The simplest way of studying the CP properties of a Lagrangian is by examin-
ing whether it is possible to construct a CP transformation which leaves L invariant.





, given by Eqs. (2) and (3), respectively. The most general CP


















































are n-dimensional unitary matrices acting in avour
space.










to transform dierently under CP. It can be readily veried from Eqs. (2)
and (33) that in order for L
mass

























































The existence of unitary matrices W
L
satisfying Eqs. (35) is a necessary and su-
cient condition for L
SM
to be CP invariant. However, written in this form, these conditions





















































If one evaluates the traces of both sides of Eq. (37), one nds that they vanish identically
and no constraint is obtained. In order to obtain a non-trivial constraint, we multiply




























= 0 (r odd) (39)




, valid for an arbitrary number of generations.





. Of course, this is to be expected from the counting of physical
phases in the CKM matrix, given by Eq. (13). For n  3, Eq. (39) provides non-trivial












is a necessary and sucient condition for CP invariance in the SM. It is useful to express


























































From Eqs. (41) and (42), it follows that in the SM, CP violation vanishes in the limit
where any two quarks of the same charge become degenerate. But it does not necessarily
vanish in the limit where one quark is massless (e.g., m
u






At this stage, it is worth examining the signicance of our analysis. We have started
by considering the most general CP transformation which leaves the SM gauge interations




should satisfy in order for L
mass
to be invariant. The fact that for n  3 one obtains non-




, implies, of course, that in the SM with three generations,
CP can be violated. In the SM, CP violation arises as a clash between the CP properties
of the gauge interactions and the mass terms.
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even before spontaneous gauge symmetry breaking and therefore before fermion mass
terms are generated. In this case, the non-trivial CP restrictions would be written in terms





















Eq. (39). Therefore, for three generations, the necessary and sucient condition for the






















We have presented a general method to analyse the CP properties of L
SM
. It
is clear that the method can be readily extended to theories beyond the SM [12]. The
only dierence is that in the presence of other interactions, beyond those already present
in the SM, the allowed CP transformations of Eq. (33) are modied. For example, in










in Eq. (33). These new CP
transformation properties lead to new CP constraints [13] and, as a result, CP can be
violated in the LRS model even for one or two generations.
2.2 Spontaneous CP and T Violation
The idea of having CP and T as good symmetries of the Lagrangian, only broken
by the vacuum, has been suggested by T. D. Lee a long time ago [10]. The scenario
of spontaneous CP and T violation has the appeal of putting the breakdown of these
discrete symmetries on the same footing as the breaking of the gauge symmetry, which is
also spontaneous in order to preserve renormalizability.
Next, we will derive simple criteria to verify whether CP and T in a given model are
spontaneously broken or not. For simplicity, we will assume an SU(2)U(1) gauge model
with an arbitrary number of Higgs doublets. We will further assume that the Lagrangian












In order to keep our discussion general, we assume that U is an unitary matrix
which may mix the scalar elds. If no extra symmetries beyond SU(2)U(1) are present
in the Lagrangian, U reduces to a diagonal matrix of phases. Let us assume that the
vacuum is T invariant, i.e.,
T j0 >= j0 > (45)
















T j0 > (46)
and nally [14]:
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We have thus derived simple criteria [14] to verify whether a set of vacuua lead
to spontaneous T , CP violation. One has simply to check if there is a matrix U which
satises both Eqs. (44) and (47). If no such matrix exists, the vacuum is not T -invariant,
i.e.,
T j0 >6= j0 > (48)
and there is spontaneous T and CP violation.
In what follows, we will describe the minimal extensions of the SM which can
lead to spontaneous T and CP violation. It will be seen that the required minimal Higgs
structure depends on whether one imposes natural avour conservation (NFC) in the
Higgs sector and/or one introduces non-standard quarks.
2.2.1 Only Standard Quarks and no NFC
Let us consider the SU(2) U(1) gauge theory, with an arbitrary number of stan-
dard fermion families. If one does not impose NFC, in the Higgs sector, the minimal Higgs
structure capable of generating spontaneous CP violation consists of two Higgs doublets.
















































































. Since we want to obtain sponta-
neous CP violation, the Lagrangian will be assumed to be CP, T invariant. In this case,
one may choose, without loss of generality, all the coupling constants real. It has been
shown [9] that there is a region of the parameter space of the Higgs potential where the









































In general, the vacuum of Eq. (51) leads to spontaneous T , CP violation. This
can be seen using the general criteria which we have previously derived. Due to the fact
that in the Higgs potential of Eq. (49), the parameters 
i
are arbitrary, the scalar elds




















can then be readily veried that for the vacuum of Eq. (51), one cannot nd an  such
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In order to see how CP violation arises in this model, we need to examine the




































stand for the quark doublets. Upon spontaneous symmetry breaking, the quark

























































































































































































), it is clear from











trary hermitian matrices. As a result, there will be in general a non-trivial CP violating






this can be explicitly veri-






, which we have previously described. In this
model, the origin of CP violation is a non-trivial vacuum phase  and not complex Yukawa
couplings, as is the case in the SM . However, in both models the KM mechanism exists
in the charged weak currents. From a phenomenological point of view, the distinctive
feature of the two Higgs doublet model without NFC, is the existence of other contribu-
tions to CP violation arising from tree-level FCNC mediated by neutral physical scalars.
Of course, these FCNC interactions result from the fact that since NFC has not been
imposed, quarks of a given charge receive contributions to their masses from Yukawa cou-
plings to two dierent Higgs multiplets. In order to derive the quark interactions with the











































































































' 246 Gev. There are three physical neutral
elds which are orthogonal combinations of H
0
; R and I. The Yukawa interactions of
H
0










































































































































It is clear from Eqs. (59) and (60) that the couplings of H
0
conserve avour while
those of R and I do violate avour. Therefore in this model new contributions to CP
violation in the kaon sector arise from S = 2 transitions generated at tree-level through
diagrams like those of Fig. 2, where R and I are exchanged. Obviously, in this model there
are analogous tree-level contributions to C = 2 and B = 2 transitions which may have









One of the disadvantages of multi-Higgs models without NFC is the following: due








mass dierences as well as the CP violating
parameter " of the neutral kaon system, if one does not assume any special suppression
of FCNC couplings, neutral scalars must be very heavy, with masses of order of at least a
few Tev. Over the past years, it has been suggested by various authors [16] that there may
be avour-dependent suppression factors in the neutral couplings which could allow for
lighter Higgs. More recently [17] a class of two Higgs doublet models has been proposed
in which the avour changing couplings of the neutral scalars are related in an exact way
to elements of the CKM matrix. In some of these models, the mass of the Higgs particles
could be of order 100  200 GeV, in spite of the existence of FCNC couplings.
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while all other elds remain unchanged. In this case, NFC in the Higgs sector is guaranteed






= 0 and as a result the down
quarks only receive mass from < 
0
2




>. The symmetry of Eq. (62) has to be imposed on the full Lagrangian, which




are forbidden. As a result, the only minimum of the Higgs












It can be readily shown [19] that in spite of the appearance of a relative phase of
=2, the vacuum of Eq. (63) is T and CP invariant. This is due to the fact that the Z
2





















The matrix U does satisfy Eq. (47), which implies that the vacuum of Eq. (63) is
T , CP invariant. In conclusion, the same symmetry which guarantees NFC in the Yukawa
interactions, also prevents the vacuum from breaking T or CP. It has been pointed out [20]





which softly break the Z
2
symmetry, one can obtain
spontaneous CP violation. On the other hand, the simplest way of achieving spontaneous
CP violation, while maintaing NFC through an exact symmetry of the Lagrangian, con-
sists of introducing a third Higgs doublet 
3
which does not couple to quarks. This is













































) + h:c: (66)
It is clear from Eq. (66) that there are three terms which have phase dependence and it
has been shown [19] that there is a region of parameters where the minimum of the Higgs
potential does lead to spontaneous T , CP violation. In this model CP violation arises
exclusively from charged Higgs, since the charged current interactions conserve CP, i. e.,
the CKM matrix can be made real by an appropriate choice of the phases of quark elds
[21].
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structure that can generate spontaneous CP violation, consists of two or three Higgs
doublets, depending on whether NFC is imposed in the Higgs sector or not. In models
with isosinglet quarks, i.e. quarks whose `h and rh components are both singlets under
weak isospin, it is possible to generate spontaneous CP violation with a rather simple
Higgs structure, namely the standard Higgs doublet and a complex SU(2) U(1) scalar

















where j is a family index and D is a charge  1=3 isosinglet quark. Models with isosinglet
quarks have been suggested within the framework of grand-unied theories such as E
6
and they have also been proposed in models which provide a possible solution [22] to
the strong CP problem [23]. Here we will consider a minimal model [24] of this class,
with the quark eld content of Eq. (67) and a Higgs system with the standard doublet 
and a complex isosinglet scalar S. We will introduce a Z
2





; S are odd, while all other elds are even. This symmetry is not necessary
to achieve spontaneous CP breaking but it is essential to obtain a simple solution to
the strong CP problem. The most general, renormalizable SU(2)  U(1)  Z
2
invariant




























































Although the Higgs sector contains only a doublet and a singlet, the Higgs potential has
various terms which exhibit a non-trivial phase dependence. As a result, there is a region














This minimum violates both T and CP. In order to see how the phase  will introduce
CP violation relevant to the quark sector, we have to analyse the Yukawa couplings which
are constrained by the SU(2) U(1) Z
2

























stands for the Yukawa couplings of the SM. We have included a mass term for
the isosinglet quark, since it is gauge and also Z
2
invariant. Upon spontaneous symmetry




























The diagonalization of M
d




















) andM is the mass of the heavy Q =  1=3 quark. It is useful




































































So far, we have not done any approximations. Recalling that V is the vacuum
expectation value of an SU(2)  U(1) singlet, it is natural to assume that V  v. One





















































the ratio v=V and, as a result, there will be a non-trivial KM phase in the 3 3 mixing
matrix K which connects the standard quarks. It is important to emphasize the ro^le
played by the isosinglet quark D. It is through the mixings of D with standard quarks
that CP violation generated at a high energy scale by < S > can appear unsuppressed at
low energies in the standard quark mixings. Another interesting feature of this model is





K = 1  S
y
S (83)
It follows from Eq. (83) that deviations from unitarity of the U
L
block connecting standard






. On the other hand, the neutral currents in this


















































where ;  denote the four Q =  1=3 quarks, with d
4
 D standing for the new heavy





































































Eqs. (87) show the important connection between deviations of 33 unitarity and FCNC.
Although this relation was derived within the context of a minimal extension of the SM
with an isosinglet quark, it is clear that it is valid in a larger class of models. The Z -













3. CP Asymmetries and New Physics
The decays of neutral B mesons provide one of the most promising ways to measure
the phases ; ;  of the unitarity triangle. These measurements will provide an important
test of the SM and its mechanism of CP violation. This is due to the fact that these
measurements will lead to an over determination of V
CKM
and the resulting unitarity
triangle. It is useful to parametrize the CKM matrix through the standard parametrization


















































and where we take into account the smallness of s
ij
. Another very useful
















The moduli of V
ij




























j = 0:0031 0:0009
jV
td
j = 0:009 0:003
(90)
It is clear from Eq. (32) that a precise knowledge of the four moduli of Eq. (90), would
enable one to derive the value of the angles of the unitarity triangle. Unfortunately at
this stage it is not possible to extract the value of the angles with precision due to the
experimental errors and theoretical uncertainties in the evaluation of the moduli. Note
that to a very good approximation one has 
13
= . In the SM the only evidence for a
non-zero  comes from the observed CP violation in the kaon sector. The allowed range
for  is [26]:
35

   145

(91)
Using unitarity together with the bounds of Eq. (90), one obtains [26]:
20





   35

(92)
It is clear that within the SM, only the range of  is at present signicantly re-
stricted. However one should keep in mind that not all values in the ranges of Eqs. (91)
and (92) are simultaneously allowed. Within the SM there is in fact a strong correlation in
the sin 2  sin 2 space allowed by the data [27]. This implies that an independent deter-
mination of the angles ; ;  through the measurement of CP asymmetries will provide
an important test of the SM with potential for discovering new physics.









mixing, CP violation arises through the interference of the
two amplitudes B
0




! f . In order to allow for physics beyond the SM
















denotes the box diagram contribution. Therefore 
qb





mixing. Assuming that f is a CP eigenstate and that all amplitudes










! f) +  (B
0
! f)
=   sin(Mt) sin  (94)







Initial Quark Final Standard Beyond standard
state subprocess state  model model
B
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The index (0) denotes the contributions arising within the three generation SM,





a CP eigenstate jf >. From Eq. (95) it follows that there are two possible sources which
may lead to departures from the SM predictions for the CP asymmetries:
(i) The presence of the phase of 
bq




(ii) One may have a situation where the expression for 
(0)
is the one given by the
SM, but the actual numerical value of 
(0)
diers from the SM prediction. This is due to
the fact that models beyond the SM allow in general for a dierent range of the CKM
matrix elements. In Table 1 we give explicitly the value of  for various nal states, in
the SM and in models beyond the SM with argbq 6= 0.
So far our analysis has been to a great extent model independent. Let us now
consider the special case where the new contribution to the B = 2 eective Lagrangian
arises from Z exchange. We have seen that these Z mediated FCNC naturally arise in
models with isosinglet quarks. One obtains in this case [28]:

bd

















































) is an Inami-Lim function for the top
quark box diagram. It has been shown [28] that even for a relatively small contribution
from the Z exchange diagram (i.e. r
d
< 1) can produce drastic deviations from the SM
prediction. For example, for r
d
 0:2, it is possible for a range of 
bd
to obtain the asym-
metry a( K
S
) with a sign opposite to the SM prediction [28]. The asymmetry a( K
S
)
is specially important since it is the only one whose sign is predicted with certainty by





mixing like for example those arising from avour violating neutral Higgs
couplings. It should be emphasized that the drastic deviations from the SM predictions
for the CP asymmetries we have described, do not result from having very dierent values
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4. Conclusions
The question of avour is clearly one of the fundamental open questions in particle
physics. Due essentially to the arbitrariness of Yukawa couplings, the SM is able to accom-
modate the spectrum of quark masses and mixings, as well as the observed CP violation
through the KM mechanism. However, the SM does not provide a deep insight into any
of these phenomena. It is thus clear that a better understanding of the question of avour
will involve new physics which could manifest itself through new contributions to FCNC
processes and/or new contributions to CP violation. The search for CP violation in B de-
cays together with the study of rare decay processes is thus of utmost importance. These
searches will subject the SM to a very stringent test and have the potential of discovering
new physics [30]. Fortunately, the experimental prospects in this area are excellent, in
view of the planned B-factories at KEK and SLAC, as well as Hera-B and LHC-B.
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